The purpose of this study is the development of an algorithmic tool to cluster the points of a scatterplot of "System Yield vs. Reference Yield" of photovoltaic systems, which tends to follow a linear regression. From such clustering one can distinguish data points that comply with the linearity (inliers) and the data points which do not (outliers). The tool then is applied to the scatterplot for two main purposes: a) to detect and exclude any data input anomalies or b) to detect and separate measurements where the PV system is functioning properly from the measurements that show that the photovoltaic (PV) system is malfunctioning.
I. INTRODUCTION
The most common method for assessment of a photovoltaic (PV) system performance is by comparing its energy production to reference data (irradiance or neighboring PV system). Ideally, at normal operation, the compared sets of data tend to show a linear relationship. Deviations from this linearity are mainly due to malfunctions occurring in the PV system or data input anomalies: a significant number of measurements (named as outliers) may not fulfill this, and complicate a proper performance evaluation. In this study a new data analysis method is introduced which allows to automatically distinguish the measurements that fit to a nearlinear relationship from those which do not (outliers). Although it can be applied to any scatter-plot, where the sets of data tend to be linear, it is specifically used here for two different purposes in PV system monitoring: 1. To detect and exclude any data input anomalies during the monitoring process, especially in case of residential PV systems where global tilted irradiance (GTI) is obtained by satellite observations and solar models. 2. To detect and separate measurements where the PV system is functioning properly from the measurements that show that the PV system is malfunctioning or shaded.
Measurements showing proper functioning can then be used for the performance analysis while the rest can be further studied for malfunction characterization.
II. METHODOLOGY
The application of the developed algorithm for monitoring and performance evaluation of PV systems is based on the fact that the system yield of a PV system, (Yf, the produced energy divided by its nominal capacity) tends to be linear with its reference yield (Y R , the irradiance in the plane of array (GTI) divided by 1 kWh). As the fit may not always be strongly linear the proposed method aims to replace this linear fit with three polynomial fits. Two are providing the lower and higher value of production (as system yield, Yf) in order for the measurement to be characterized as inlier or outlier, for any value of the irradiance (as reference yield, Y R ). The third polynomial is providing the position of the majority of the inliers in the scatterplot of the compared data. The proposed algorithm is reflecting the fact that the density of the measurements is concentrated around a line which tends to be linear and calculates the mentioned three polynomial fits. As presented in Figures 1 and 2 , the first two, (Blue and red line) are fitting on the lines where the density of the measurements is changing dramatically, thus outside of these lines the measurement are not characterizing the normal operation. The third one, (green line) is describing the areas with the higher concentration of the measurements, thus the higher probability of Yf, for a given Yr. In Figure 1 only the polynomial fits are plotted, while in Figure 2 they are plotted, together with the measurements. All the measurements within the blue and red lines are characterized as inliers (gray color), while outside of these lines as outliers (black spots) Fig. 2 . The suggested polynomial fits together with the measurements. Measurements within upper and lower limit are the inliers (gray), the others are the outliers (black)
III. RESULTS

APPLICATION OF THE ALGORITHM FOR THE FIRST PURPOSE
As it mentioned in the introduction, one of the purposes of the algorithm is to detect and exclude any data input anomalies during the monitoring process. In an example shown in Figure  3 a PV system on a rooftop, with capacity 2.45 kW and inverter capacity 2.5 kW is compared with solar radiation, determined from images taken with the satellite MeteoSat 10 [1] . The measurements of MeteoSat 10 consist of 15 minutes time resolution data of GHI and DHI and these are converted to GTI with the use of the HDKR solar model [2] , [3] . In Figure 3 the system yield (Yf) is plotted against the reference yield (Yr). The strong majority of the measurements are following a linear relationship, yet a large number is clearly outside the linear trend, giving the impression that the system produces high values of electricity under low radiation and vice versa. Fig. 3 . System Yield of a residential PV system versus the reference yield obtained by satellite data and solar models.
In this example the developed algorithm is used to filter irradiance data with large input anomalies and make them suitable for accurate performance analysis for residential systems where the only available data is the power output. In Figure 4 the result of the algorithm is presented. In this example, 75% of all measurements are classified as inliers (green markers in Figure 4 ) and 25% as outliers. Approximately 1/3 of the outliers are above the linear regression line mostly as a result of spatial measuring faults. About 2/3 of the outliers are below the line, and these are due to the presence of a local shadow in addition to spatial measuring faults. Fig. 4 . The plot of Figure 3 after the application of the algorithm, where it is clustered to inliers (green) and outliers (black)
The two-thirds of the outliers which are below the green line could be better studied and malfunction detection techniques could be applied in order to determine if there are malfunctions or irradiance data input anomalies. For instance, if DC power is available as well, a DC to AC conversion study on the outliers could detect a malfunction on the inverter.
The Performance Ratio of this system from the total sample of measurement is determined to be 71.3%, whereas by taking into account only the inliers the real PR is 79.4%.
APPLICATION OF THE ALGORITHM FOR THE SECOND PURPOSE
In the second example the algorithm is applied to the DC power output of a panel with power optimizer. As reference data two different sources are used, a pyranometer, mounted on the system (with same tilt and orientation) and a neighboring panel with similar power optimizer. The studied panel is shaded by a pole which is placed for testing purposes and shades the system during morning hours. Thus, it is a known malfunction, and the algorithm is applied for the second purpose. Figures 5a and 5c shows the scatterplots "Yf vs Y R " and "P DC _shaded vs P DC _reference", respectively, while at the other plots, Fig. 5b and 5d show a zoom (red box in Fig. 5a and 5c) for more details. The time resolution is 5 minutes and the studied period is 116 days, from beginning of July 2015 until end of October. The panel is shaded for a part of the day (approximately from 10:30am to 12:20pm).
In the scatterplots Fig. 5b and Fig. 5d it is obvious how the algorithm is detecting the areas with the higher density of measurements as inliers. Due to the large number of measurements, this is not obvious in the scatterplots of the whole sample, where the inliers and outliers seem to have the same density. However, in the zoomed areas, in Fig. 5b and Fig. 5d differences in density are clearer.
978-1-7281-0494-2/19/$31.00 ©2019 IEEE The performance ratio (PR DC in this case) is calculated by dividing the system yield of the DC side (Y f_DC ) with the reference yield (Y R ) . As reference data the pyranometer is used (Fig. 5c ). The PRDC of the panel, with the use of all data is 81.7% while using only the inliers (green markers in Fig. 5c ) the PRDC is 86.8%. That means that the real performance of the panel is 86.8%, however due to presence of the shadow (external reason, not malfunction inside the system) it drops to 81.7%.
Unfortunately, the case of the neighboring PV systems with the same tilt and orientation is rare, except for systems with micro inverters and power optimizers. However, as it is clear in the plots of Fig. 5 , its linear relationship with the studied PV system is much stronger and detailed compared to pyranometer measurements as reference data, as the pyranometer accuracy is limited to ~2.5% and calibration is needed, ideally every two years according to surveys [4] and pyranometer manufacturers.
IV. DISCUSSION AND SCIENTIFIC INNOVATION
The innovation of the proposed method is replacement of the typical linear regression function (Yf = a + Y R ) of the performance ratio (PR) [5] with three polynomial fits, since the relationship between system yield (Yf) and reference yield (Y R ) is not strictly linear as the efficiency of solar panels decreases as their temperature increases as a result of higher irradiance, which affects the linear relationship.
The proposed method replaces this linear fit with three polynomial fits, mentioned above. Two of these are providing the lower and higher acceptable value of production (as system yield, Yf) and the third polynomial is providing the position of the majority of the inliers in the scatterplot of the compared data.
As a result, the algorithm clusters the measurements that fit (inliers) to a near-linear relationship from those which do not (outliers) and used for two different purposes in PV system monitoring: a) To detect and exclude any data input anomalies during the monitoring process, especially in case of residential PV systems where GTI is obtained by satellite observations and solar models, as presented in example 1 and b) To detect and separate measurements where the PV system is functioning properly from the measurements that show that the PV system is malfunctioning or shaded. Measurements showing proper functioning can then be used for the performance analysis while the rest can be further studied for malfunction characterization, as presented in example 2.
